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Abstract— The main objective of this study is to propose a 
forecasting model of ionospheric scintillation indices ROTI 
(Rate Of Tec Index) and σφ for the polar region. In 2014, a first 
model was proposed using a simple empirical model driven by 
the Kp geomagnetic index, and where the main output was the 
instantaneous mean ROTI value [1]. In 2019, an updated 
model is proposed, where the main inputs are solar wind 
parameters, p (the solar wind pressure p) and Bz (the z 
component of the Earth magnetic field). Moreover, a 
distribution of predicted ROTI  or σφ index is provided instead 
of a mean value. Thus, the model allows estimating the 
percentage of time of occurrence for a level of ROTI (or σφ) to 
be exceeded in the next 5 minutes or 1 hour, or the exceeded 
ROTI (or σφ) for a corresponding percentage of time. This 
empirical approach is based on 10 years of scintillation data 
collected by more than 15 GNSS stations in Norway. Here, 1Hz 
ROTI and σφ were used, and the network is operated by NMA. 
This paper will present the HAPEE model, and discuss initial 
validation work. This work is the result of a fruitful 
collaboration between the CNES, ONERA, NSC and NMA 
organizations. 
Index Terms— ionospheric scintillation, L band, polar 
region, solar wind pressure, interplanetary magnetic field, 
scintillation indices 
I.  INTRODUCTION 
When crossing the ionosphere layer, L-band satellite 
navigation signals are impacted by a group delay effect and 
scintillation. The group delay effect leads to a positioning 
error of several meters to tens of meters. Most of it can be 
corrected in the case of Global Navigation Satellite Systems 
(GNSS) either using a dual frequency measurement, or 
using correction models (like Klobuchar model, NeQuick 
model, or TEC grids in the case of augmentation systems) 
for single frequency system. The scintillation generally 
occurs over the equatorial region and the polar zone, but it 
may also occur at mid-latitudes particularly when the solar 
activity increases or during strong geomagnetic storm. 
These events impact the signal and cause very fast 
variations of the amplitude and phase. Therefore, the signal 
fades and GNSS receivers may lose lock. The consequence 
on the navigation systems is the unavailability of the 
satellite link as well as the reduced reliability of the 
available information.  
Several models exist for scintillation modeling: GISM 
(Global Ionospheric Scintillation Model) [2] referenced at 
the ITU [3], provides mean scintillation indices values (S4 
for the amplitude scintillation, σφ for the phase scintillation), 
and can provide also time series of amplitude and phase. 
However, this model is reliable only for the equatorial 
region, and the forecasting performances are limited as the 
model is driven only by the solar flux number F10.7, which 
is a daily parameter. The STIPEE model [4] proposes a 3D 
formulation of the problem reliable for polar and equatorial 
region and valid from  weak up to strong scintillation. 
Nevertheless, this model is not proposing forecasting of 
scintillation indices. WBMOD [5][6] (WideBandMODel), 
developed by NWRA (Northwest Research Associates) 
proposes statistics of scintillation for polar and equatorial 
region [7]. However, WBMOD is driven by monthly  Sun 
Spot Number (SSN) and daily Kp parameters. Thus, it 
provides a statistical characterization of the scintillation for 
a given period, but cannot provide prediction at one hour, 
typically. Thus, though these models are very useful for link 
budget dimensioning or for receiver testing, they cannot be 
used in operational condition for forecasting purpose.  
 
In [1], a simple empirical model driven by the Kp 
geomagnetic index has been proposed based on the 
correlation between the ROTI (Rate Of TEC Index) and the 
electron energy fluxes measured from the NOAA POES 
satellites. The electron energy flux was sorted as a function 
of maps in McIlwain parameter L versus Magnetic Local 
Time (MLT), and several maps were proposed as a function 
of the Kp index. Finally, for a given position and time, the 
associated (or predicted) Kp is obtained, and a mean ROTI 
value is given [1]. The algorithm has been implemented and 
tested by NMA [9]. The first conclusion was that the 
accuracy of the predicted magnetic index Kp is not 
sufficient for ROTI prediction purpose. We observe in 
active periods that the forecasted Kp is consistently 
underestimating the observed Kp, and overestimating in 
quiet periods. As a consequence, the bad Kp prediction 
leads to a degradation of the ROTI prediction. The second 
conclusion is that if the observed Kp is used, the ROTI 
predictions are coherent for quiet and moderate activity (i.e. 
Kp<5), and elevation > 40°. For low elevation and higher 
Kp value, the model performance is significantly degraded, 
providing underestimation of the scintillation intensity [8]. 
Our conclusion is that models based on magnetic indices 
give a coarse idea of the scintillation condition, but they are 
not accurate enough for a monitoring system. In particular, 
strong events are not predictable with enough accuracy, and 
even the magnitude of scintillation during quiet periods is 
hardly estimable.  
 
Because of those limitations, another approach to 
scintillation forecasting is proposed in this paper. First, 
instead of using Earth magnetic field inputs (Kp, Ae…) or 
solar activity inputs (SSN, F10.7…), space weather indices, 
i.e. parameters describing the solar wind, have been 
considered for inputs. Moreover, to improve the model 
relevance for link budget dimensioning or for receiver 
testing, a statistical approach has been chosen rather than a 
research of mean indices values. Section II is introducing 
the new model named HAPEE (High lAtitude scintillation 
Positioning Error Estimator). In section III the validation 
process is described, and the conclusions and future works 
are discussed in section IV.  
II. HAPEE MODEL 
 
In order to provide a new model, four main updates were 
proposed compare to the initial model [1]:  
 
First model update: The idea of this work is to search for a 
statistical relation between space weather indices (such as 
solar wind parameters, interplanetary magnetic field, 
particle density, electric field … ) and energy fluxes 
measured in polar region by low orbit satellites (such as 
POES satellite). From such analysis, the energy flux may be 
possible to forecast. As it is related to ROTI by previous 
models [1], we could end up with a prediction model for 
ionospheric disturbance on GNSS signals in polar region.  
A sensitivity analysis of the energy flux to different 
parameters characterizing the solar wind has been 
performed. This analysis, not detailed in this paper, brings 
to light that no clear relation can be found considering each 
space weather parameter alone. Here interplanetary 
magnetic field angle θ, solar wind velocity V, solar pressure 
p, electric field component Ey, magnetic field component Bz 
have been considered. Please note that some of these 
parameters are correlated. As an example, the solar wind 
velocity is often a “consequence” of the variation of 
pressure p or of the density in the case of a Coronal Mass 
Ejection. Another example, high solar wind velocity is 
coming with highly variable Bz (the z-component -in GSM 
coordinates- of the interplanetary magnetic field) in the 
High Speed solar wind Streams. Possible cross-correlations, 
considering several space weather indices as input and 
energy flux as output, have been studied. The more 
significant cross-correlations have been obtained 
considering the Bz and p  parameters. This analysis has been 
performed based on NOAA TED and MEPED electron 
measurements. Different maps of the energy flux, either in 
L-MLT or in longitude-latitude for a particular instant of a 
specific day (as in Figure 1) have been computed. Thus, for 
given Bz and p values, these maps can be used to estimate 
the energy flux everywhere on the Earth. Starting from this 
preliminary analysis, the solar wind parameters Bz and p 
have been considered as inputs of a ROTI index model.  
 
 
Figure 1: Energy flux maps projected on the Earth for 
various solar wind pressures and components for 0h UT 
(calculation made on 1st January 2017). All the graphs 
are made using the same scale, given on the right, with 
the unit erg.cm-2s-1  
 
Second model update: the second update has been to search 
for a correlation between the space weather indices (Bz, p) 
and the ROTI index, without going through the energy flux 
as proposed in [1]. This exercise has been performed 
defining intervals for the values of Bz, p, and the coordinates 
MLT and L. 
 
Third model update: the third update is to take into account 
time inertia of the ionosphere. It is well known that the 
ionosphere layer is adding a propagation time delay and this 
delay is different for the different values of latitude (or L 
values) and MLT. Where the Earth magnetic field lines are 
close to be open, the time delay can be very short, whereas 
it is higher in the aurora oval (between minutes up to several 
hours) and can reach several hours for lower latitudes. 
Moreover, the variability with MLT time must be added, 
introducing an important difference between night and day 
conditions. Thus, for t0 a given time of measurement of the 
space weather indices Bz and p, all scintillation index values 
during a following given period ∆t (from t0 up to t0+ ∆t) 
have been considered. The idea of the model is then to 
estimate a statistic of ROTI values obtained during the ∆t 
period. 
 
Fourth model update: As said in §Erreur ! Source du 
renvoi introuvable., it is more appropriate for operational 
applications to characterize the scintillation through 
statistical distribution prediction. The goal of the requested 
model is to provide the probability to exceed a certain level 
of ionosphere disturbance during a given period ∆t.  
 
Thus, for each intervals of Bz, p, MLT and L, the 
distributions of the ROTI and σφ indices have been analyzed 
from t0 up to t0+∆t. Here, we have considered mnt 5=∆  and 
hourt 1=∆ . To do so, the data provided by NMA are used, 
from 2007 up to 2017 over more than 15 stations in Norway 
(see Figure 2). We call this data set “set 1”.  
 
Figure 2: Set of GNSS receivers to build the model  
 
The ROTI (based on 1 Hz sample rate data) and σφ (based 
on 100 Hz sample rate data) indices are used for the 
regression. Before performing the complete database 
processing, a correction of ROTI index depending of the 
elevation has been applied. A study of this dependency has 
been proposed by Jacobsen et al. in [8]. An exponential 
model was proposed. In Figure 3this model is compared 
with a simple sine correction (compensating the slant 
elongation of the path), the AATR index obliquity factor 
correction  (estimated at 350 km), and the obliquity 
factor correction  estimated at 350, 100 and 50 km. 
Considering that the best fit obtained by Jacobsen et al. is 
the reference, one can observe that the obliquity factor is 
converging to the data when the altitude of estimation is 
decreasing (supposed to be the mean altitude of the 
ionosphere layer). But the choice of an ionosphere altitude 
below 100 km is not physical, even at polar latitude. On the 
other hand, a simple correction by a sine function provides 
results very close to the Jacobsen et al. proposed function. 
Moreover, only measurements at elevation angles higher 
than 30 degrees are considered in the database. Finally, a 
simple correction by a sine function has been taken into 
account in the final data processing. 
 
Figure 3: Variation of mean ROTI vs Elevation angle 
 
 
In order to have reliable statistics, the intervals of Bz and p 
are tuned. The final selection was 12 intervals between -20 
and 20 nT for Bz, and 6 intervals between 0 and 15 nPa for 
p.  
Different tests have been performed to study indices 
variability for a given space weather condition (i.e. 
combined Bz and p intervals) associated to MLT and L 
intervals. Considering such a combination, in Figure 4 an 
example of ROTI distribution is proposed. A log-normal fit 
has been tested and is plotted as a red line. The global trend 
is well fitted by a log-normal probability density function 
and the latter has been chosen for the final model. The same 
exercise has been performed for σφ distributions and is 
illustrated in Figure 5. Less data are available for this index, 
but a log-normal distribution should be adopted too. 
 
 
Figure 4: Example of ROTI distributions for Bz, p, L and 
MLT intervals combination, 2015 
 
 
 Figure 5: Example of σφ distributions for Bz, p, L and 
MLT intervals combination, 2015 
 
As a summary, the proposed model has been fitted on the 
ROTI and σφ database following the different steps: 
• a classification of the database over solar wind 
indices (Bz and p) intervals and L, MLT intervals, 
• for each value of solar wind indices, all the 
corresponding ROTI values with a time delay from 
0 to ∆t (equal to 5 min or 1 hour) have been 
selected, 
• a fit of mean µ and variance σ of the ROTI 
distribution, considering a log normal distribution, 
is applied per each L, MLT interval combination, 
• the fitted values are stored in a DB (Data Base) 
file, which is constituting the HAPEE model. 
Figure 6 and Figure 7 are examples of respectively 
mean and standard deviation of ROTI value sorted 
as a function of Bz, p, MLT and L intervals. 
 
 
Figure 6: Example of mean value ROTI vs Bz and p, 
for 5 min delay in the HAPEE model. For each Bz 
and p interval, a map of mean value of ROTI in (L, 
Mc Ilwain) coordinates has been derived. Mean 
ROTI value is represented in colors. 
 
Figure 7: Example of standard deviation value 
ROTI vs Bz and p, for 5 min delay in the HAPEE 
model. For each Bz and p interval, a map of mean 
value of ROTI in (L, Mc Ilwain) coordinates has 
been derived. Standard deviation of ROTI value is 
represented in colors. 
 
 
The HAPEE model can provide two kinds of outputs, which 
are calculated as follows:  
 
First kind of output: ROTI level at a specified percentile 
 
Input parameters: 
• percentile P 
• receiver position 
• t0 
• ∆t (5 min or 1 hour) 
 
The space parameters Bz, p are considered at time t0. From 
the receiver’s positions and t0, the magnetic coordinates (L 
and MLT) are calculated. The µ and σ of the statistics values 
are retrieved from the HAPEE Data Base. The output of the 
model is the level of ROTI (T) exceeded during the next 
period (function of ∆t, for instance 5 minutes or 1 hour) 
corresponding to the input percentile. In the case of a log 
normal law, the formulation used is:  
 
( )( )[ ]TROTIerfcT >−−= − Pr122ln 1σµ , (1) 
 
where erfc-1 denotes the inverse of the complementary 
Gauss error function. An example of output is shown in 
Figure 8. 
 
Second kind of output: Percentage of time exceeding a 
specified ROTI threshold 
 
Input parameters: 
• ROTI threshold (T) 
• receiver position 
• t0  
• ∆t (5 mn or 1 hour) 
Similarly to the first approach, the µ and σ parameters as a 
function of the receiver’s positions, t0 and ∆t are derived 
from the HAPEE Data Base. Then, the model is producing 
the percentage (P) of the time for the ROTI threshold to be 
exceeded in the next period (for instance 5 minutes or 1 
hour). The formulation used is:  
 
( ) 




 −
−−=>=
2
ln
2
11Pr
σ
µT
erfcTROTIP , (2) 
where erfc denotes the complementary of the Gauss error 
function. An example of output is shown in Figure 9.  
 
Figure 8: Map of ROTI value during next 5 minutes for 
percentile 0.5 
 
Figure 9: Map of ROTI Probability to exceed 0.5 during 
next 5 minutes 
 
III. A FIRST VALIDATION OF THE HAPEE MODEL 
For the validation of the HAPEE model, another set of data 
acquired by different receivers was used (Figure 10). This 
group of receiver differs from the ones used to build the 
model (represented in Figure 2). Moreover, data from 2018 
were used for the validation (we remind the model has been 
developed with data from 2007 to 2017). We call this data 
set “set 2”.  
Figure 10: Set of GNSS receivers to test the model  
 
In Figure 11, the ratio between the observed ROTI CDF vs 
the forecasted one is plotted. Here, three levels of ROTI 
were tested: low for ROTI < 2 TECU/min, Medium 
2<ROTI<4 and high ROTI>4 TECU/min. From this figure, 
it can be observed globally that the HAPEE forecast 
provides ROTI values lower than the measured ones. The 
forecasts are valid at the highest percentages, but appear to 
struggle at the lower percentages (i.e. when the tail of the 
ROTI distribution is important). 
  
 
Figure 11: Ratio between observed and forecast ROTI 
CDF for 3 different level of ROTI Threshold 
 
However, after a deeper analysis, a part of the database 
appears to be doubtful. In Figure 12, we plot ROTI 
distributions of one specific receiver. On the left, the ROTI 
distribution is computed with all the satellite, and on the 
right with only one satellite. From these plots of ROTI data, 
it appears that a suspicious double peak is present in the 
distributions of measured ROTI. The lower peak seems 
coherent with the statistics extracted from 2007 to 2017, but 
the higher peak is strange. This effect is more important for 
some satellites than other.   
 
 Figure 12: ROTI distribution, receiver BRGS. Left 
panel: all the satellites.  Right panel: only satellite PRN = 
28 
 
In the case of the satellite PRN 28, in Figure 13 the ROTI 
values are plotted vs the elevation angle for all the year 
2018. One can see a hole in this distribution, which cannot 
be explained by a natural space weather effect. In Figure 14, 
a sky plot view of the mean ROTI over an entire year shows 
that one direction of arrival is much more impacted than the 
other, and here again, no space weather effects can explain 
these observations. After an analysis of the receiver close 
environment (Figure 15), a metallic pole can be noticed 
close to the GNSS antenna. The direction in azimuth of the 
strange mean ROTI values is similar to the direction of the 
metallic pole. Our assumption is that this pole might 
generate multipath to the GNSS antenna, and these 
multipath might bias the ROTI statistics. This conclusion 
will be validated further thanks to the SPRING simulator, a 
tool which is simulating the reception of a GNSS receiver in 
its surrounding environment [10].  
 
 
Figure 13: ROTI vs elevation, BRGS, PRN = 28 
 
 
Figure 14: SkyPlot of mean ROTI value, receiver BRGS 
 
  
Figure 15: Receiver environment, Google Earth View 
(left), picture of metallic pole (right) 
 
The validation of the HAPEE model is therefore not 
complete. First, it is necessary to recheck the database and 
search if some multipath may bias the statistics. This is true 
for the “set 2” (validation data set), but it may be the case 
also for the “set 1” (data used to build the HAPEE model). 
For the “Set 1”, 10 years of data have been used, and the 
multipath effect on the statistics may be smoother than in 
the “Set 2” where only one year of data is used. Also, this 
kind of interference is only present at a few receiver sites. 
That can explain why we did not observe such trouble on 
the statistic base on the “Set 1”.  
 
IV. CONCLUSIONS 
 
A new model of ROTI index prediction, called HAPEE (for 
High lAtitude scintillation Positioning Error Estimator), is 
proposed based on a statistical fit of a ROTI 1 Hz database 
measured from 2007 up to 2017 in Norway. The different 
steps of the model regression are described in this paper. 
The model is established via (MLT, L-MacIlwain) 
coordinates system allowing generalizing the measurements 
performed in Norway to all high latitudes coordinates. The 
space weather activity is modeled by solar wind parameters 
Bz (z component of the interplanetary magnetic field) and p 
(solar wind pressure) indices measured from a satellite at L1 
Lagrange point and provided by NOAA. From measured Bz 
and p parameters, for each receiver position point 
(characterized in latitude and longitude) two approaches are 
possible: first, the model is performing for a given 
percentage of the time, the corresponding level of exceeded 
ROTI or second, for a given level of exceeded ROTI, the 
corresponding percentage of the time.  
 
This paper also presents the first validation of the HAPEE 
model. After a deep investigation of the specific data base 
used for the testing (different from the one to make the 
model), we suspect that multipath occurs for some GNSS 
stations and bias the statistics. Thus, the validation is not 
complete as the data set for model testing should be 
reviewed. From these experiences, it may be possible that 
multipath occurs also in the data set use for making the 
model. Thus, future work will focus on the data base 
cleaning of the multipath, and a new fit of the HAPEE 
model will be performed. The model can also be improved 
in term of modeling. For example, we should consider a 
time shift due to the access to the space weather parameters, 
and the delays of 5 minutes and 1 hour (considering these 
periods of interest for the final user). Moreover, a 
multivariate interpolation has to be applied to represent the 
final results and avoid discontinuities (or “patch” effect) due 
to intervals definition. Finally, an analysis of 
complementary inputs such as Bx, By, clock angle, time 
where consecutive negative Bz value occur, could be carried 
out to improve the model sensitivity to solar wind 
conditions.  
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